Resolvable heavy neutrino-antineutrino oscillations at colliders by Antusch, Stefan et al.
Resolvable heavy neutrino-antineutrino
oscillations at colliders
Stefan Antusch?†, Eros Cazzato?, Oliver Fischer?‡
? Department of Physics, University of Basel,
Klingelbergstr. 82, CH-4056 Basel, Switzerland
† Max-Planck-Institut fu¨r Physik (Werner-Heisenberg-Institut),
Fo¨hringer Ring 6, D-80805 Mu¨nchen, Germany
‡ Institute for Nuclear Physics, Karlsruhe Institute of Technology,
Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany
Abstract
Heavy neutrino-antineutrino oscillations can ap-
pear in mechanisms of low scale neutrino mass
generation, where pairs of heavy neutrinos have
almost degenerate masses. We discuss the case
where the heavy neutrinos are sufficiently long-
lived to decay displaced from the primary ver-
tex, such that the oscillations of the heavy neu-
trinos into antineutrinos can potentially be ob-
served at the (high-luminosity) LHC and at cur-
rently planned future collider experiments. The
observation of these oscillations would allow to
measure the mass splitting of the respective
heavy neutrino pair, providing a deep insight
into the nature of the neutrino mass generation
mechanism.
Introduction: Sterile neutrinos, which are singlets
under the gauge group of the Standard Model (SM),
are an attractive extension of the SM to explain the
observed masses of the light neutrinos. We consider
scenarios where the masses of the heavy neutrinos are
around the electroweak (EW) scale. Various models
with such a low scale seesaw mechanism exist in the
literature (see e.g. [1–7]).
The models may be classified by how the approxi-
mate “lepton number”-like symmetry, which ensures
the smallness of the light neutrinos’ masses, is broken:
If the breaking happens in the sterile neutrino mass
matrix, the models are called low scale “inverse see-
saw” models [1,2], and when the breaking happens in
the coupling matrix between the sterile neutrinos and
the active SM neutrinos, i.e. in the Yukawa sector,
then the models are called low scale “linear seesaw”
models [3]. In both classes of models, due to the ap-
proximate “lepton number”-like symmetry, pairs of
heavy neutrinos have almost degenerate masses, i.e.
they form heavy pseudo-Dirac particles.
For collider studies it is often useful to focus on
one of the pairs of heavy neutrinos and to consider
the limit of intact “lepton number”-like symmetry, as
e.g. in the “SPSS” (Symmetry Protected Seesaw Sce-
nario) benchmark model (cf. [8]). A recent study of
the prospects for testing such low scale seesaw models
at the LHC and at future colliders can be found e.g.
in [9].
The small mass splittings between the heavy neu-
trinos typical for low scale seesaw models lead to os-
cillations between the heavy neutrinos and their an-
tiparticles. The time-integrated effect of these oscilla-
tions, i.e. when the oscillations cannot be resolved ex-
perimentally, has been highlighted in [10–13]. Heavy
sterile neutrino oscillations in meson decays have been
discussed in [14, 15], and further observable effects at
colliders e.g. in [16]. In this letter, we discuss the case
where the heavy neutrinos are sufficiently long-lived
to decay displaced from the primary vertex. We show
that the oscillations of the heavy long-lived neutri-
nos can potentially be resolved at the high luminosity
(HL) phase of the LHC and at currently planned fu-
ture collider experiments. The observation of these
oscillations would allow to measure the mass splitting
of the respective heavy neutrino pair, providing a deep
insight into the nature of the neutrino mass genera-
tion mechanism. Such a measurement would also be
very important towards testing leptogenesis in mini-
mal seesaw models, as discussed recently in [17–19].
Low scale seesaw mechanism: After electroweak
symmetry breaking the Lagrangian density contain-
ing the masses of the light and heavy neutrinos
can be written as Lmass = −1/2ΨcMνΨ + H.c.,
where the active neutrinos νL and pairs of ster-
ile neutrinos (N1R)
c, (N2R)
c have been combined to
Ψ =
(
νL, (N
1
R)
c, (N2R)
c
)T
. If the approximate “lepton
number”-like symmetry mentioned above was exact,
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the neutrino mass matrix is schematically given by
Mν =
 0 mD 0(mD)T 0 M
0 M 0
 . (1)
In the following, we will consider one pair of sterile
neutrinos for simplicity. In the exact symmetry limit
it has a Dirac-type mass M ,1 and mD = YνvEW/
√
2
with the neutrino Yukawa coupling matrix Yν cou-
pling the three active neutrinos to the sterile neu-
trino which carries the same charge under the “lepton
number”-like symmetry.
In order to generate the light neutrino masses, the
structure in eq. (1) has to be perturbed. There are two
characteristic ways to implement such perturbations,
corresponding to two classes of models:
• Linear Seesaw: The perturbation is introduced
in the 1-3 (and 3-1) block of the symmetric ma-
trix Mν in eq. (1):
M linν =
 0 mD m′D(mD)T 0 M
(m′D)
T M 0
 , (2)
where m′D has small entries compared to mD.
With two sterile neutrinos (one pair), the sym-
metry breaking term m′D can generate masses for
two of the three light neutrinos as well as a split-
ting ∆M lin between the masses of the two heavy
neutrinos. With an appropriate choice of mD and
m′D, the present neutrino oscillation data can be
accommodated. We will refer to this scenario as
the “minimal linear seesaw model”.
It can be shown that in the minimal linear seesaw
scenario the mass splitting ∆M lin is predicted in
terms of the measured mass squared differences
of the light neutrinos, which yields, in the case
of normal mass ordering (NO) or inverse mass
ordering (IO):
∆M linNO =
2ρNO
√
∆m221
1−ρNO = ∆m32 = 0.0416 eV (3)
∆M linIO =
2ρIO
√
∆m223
1+ρIO
= ∆m21 =0.000753 eV (4)
with ρNO =
√
r+1−√r√
r+
√
r+1
and r =
|∆m221|
|∆m232| , and
with ρIO =
√
r+1−1√
r+1+1
and r =
|∆m221|
|∆m213| , where
∆m2ij corresponds to the mass squared differ-
ences m2νi −m2νj and ∆mij to the mass splitting
1In the general case with more sterile neutrinos, M stands
for a n×n Dirac-type mass matrix of n pairs of sterile neutrinos.
mνi −mνj , with mνi labelling the light neutrino
masses. In the last step, the mass of the light-
est of the light neutrino has been set to zero, as
implied by the minimal linear seesaw model.
• Inverse Seesaw: The perturbation is intro-
duced in the 3-3 block of the symmetric matrix
Mν in eq. (1):
M invν =
 0 mD 0(mD)T 0 M
0 M µ
 , (5)
where µM violates lepton number and intro-
duces a mass for one of the light neutrinos (which
may for instance be the lightest or the heaviest
of the light neutrinos) as well as a mass splitting
between the two heavy neutrinos. We empha-
sise that in contrast to the minimal linear seesaw
model discussed above, additional sterile neutri-
nos (e.g. additional pairs) have to be introduced
in order to be consistent with neutrino oscilla-
tion results. To obtain an estimate for the sterile
neutrino mass splitting in the inverse seesaw case,
we will assume that the considered pair of sterile
neutrinos dominantly generates one of the masses
of the light neutrinos, labeled mνi .
Since for the case of two sterile neutrinos consid-
ered here one can choose mD, M and µ real and
positive without loss of generality, the mass mνi
is (to leading order) related to the squared sum
|θ|2 := (m†DmD)/M2 of the active-sterile mixing
angles by
mνi = Tr
(
µ
mDm
T
D
M2
)
= µ
m†DmD
M2
= µ|θ|2 , (6)
The mass splitting ∆M inv then satisfies
∆M inv = µ−mνi ≈
mνi
|θ|2 . (7)
In the following we will use this relation with mνi
in the range mνi = 0.1 eV . . . 10
−4 eV to give ex-
ample values for ∆M inv as a function of |θ|2. We
like to emphasise that the resulting ranges for
∆M inv are no strict predictions but at best guide-
lines for the inverse seesaw scenario. A smaller
mass splitting could be a consequence of an even
smaller mνi , and a larger mass splitting could be
the result of cancellations between the contribu-
tions of two pairs of sterile neutrinos to the light
neutrino mass matrix. 2
2Furthermore, we note that in addition a perturbation of
Mν of eq. (1) in the 2-2 block may be introduced which does
not lead to a contribution to the light neutrinos’ masses (at
tree-level) but can enhance or reduce the splitting ∆M inv.
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In summary, we have obtained estimates for the
typical mass splittings ∆M of the almost degenerate
sterile neutrinos in low scale seesaw scenarios as func-
tions of the light neutrino masses (respectively the
mass splittings). In case of the minimal linear seesaw
model, the values ∆M linNO and ∆M
lin
IO are predictions,
whereas in the inverse seesaw case or the general lin-
ear seesaw case with more pairs of sterile neutrinos,
one should view the given values as guidelines only.
Heavy neutrino-antineutrino oscillations:
When heavy neutrinos are produced from W decays
together with charged leptons or antileptons, we
refer to them as heavy antineutrinos N or neutrinos
N , respectively. When they decay via the charged
current, they again produce either a lepton or an
antilepton, N → `−W+ or N → `+W−.
If the “lepton number”-like symmetry is intact,
i.e. without its breaking to give light neutrinos its
mass, processes with the heavy neutrinos at colliders
are lepton number conserving (LNC). For instance at
proton-proton (pp) colliders, there would be only LNC
processes pp → `+α `−β jj but no lepton number violat-
ing (LNV) processes pp → `±α `±β jj. We will focus on
these processes as an example in the following, since
they can yield an unambiguous signal of LNV at pp
colliders.
In the presence of LNV perturbations in the mass
matrix of eq. (1) however, also LNV processes pp →
`±α `
±
β jj are possible. One can view these events as
stemming from N (or N) being produced together
with a charged antilepton (or lepton) which then oscil-
lates into a N (or N), decaying into a charged antilep-
ton (or lepton), finally producing a lepton-number vi-
olating final state.
When the heavy neutrinos have sufficiently small
decay widths, they can have macroscopic lifetimes
such that their decay occurs displaced from the pri-
mary vertex, which allows for powerful searches and
opens up the possibility to observe the oscillation pat-
terns in the decay spectra. We show in figure 1 for
which parameters M and |θ|2 macroscopic lifetimes
are possible.
Due to heavy neutrino-antineutrino oscillations, fol-
lowing [12, 21], the ratio between LNV and LNC
events between times t1 and t2 after heavy neutrino
production will be referred to as R``(t1, t2) and is
given as:
R``(t1, t2) =
∫ t2
t1
|g−(t)|2dt∫ t2
t1
|g+(t)|2dt
=
#(`+`+) + #(`−`−)
#(`+`−)
,
(8)
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cτ=10-4m
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Figure 1: Contours of constant decay length of the heavy neu-
trinos x = τ c in the proper frame, where τ is the lifetime in
the proper frame (cf. discussion in section 3 of [20]). The decay
length in the laboratory frame is given by x
√
γ2 − 1 with the
Lorentz factor γ.
where g−(t) ' −ie−iMte−Γ2 t sin
(
∆M
2 t
)
, g+(t) '
e−iMte−
Γ
2 t cos
(
∆M
2 t
)
and where Γ is the heavy neu-
trino decay width. |g−(t)|2 corresponds to the time-
dependent probability that a heavy neutrino has os-
cillated into a heavy antineutrino and vice versa, and
|g+(t)|2 denotes the probability that no oscillation has
occurred.3
From the above formula, we can see that the os-
cillation period of the heavy neutrinos is given by
tosc =
4pi
∆M . In the minimal linear seesaw scenario
(using Eqs. (3) and (4)) and with our estimates for
the inverse seesaw scenario from Eq. (7), we obtain
for the oscillation length in the laboratory system:
λlin,NOosc = 5.96 · 10−5
√
γ2 − 1 m , (9)
λlin,IOosc = 3.29 · 10−3
√
γ2 − 1 m , (10)
λinvosc ≈ 2.48 · 10−6
( |θ|2
10−4
)(
10−4 eV
mνi
)√
γ2 − 1 m .
(11)
Especially when the Lorentz factor is large, the os-
cillation length in the laboratory system can be large
enough to be resolved in an experiment. The case
of the minimal linear seesaw with IO looks particu-
larly promising in this context. For observability it is
also important that the decay of the heavy neutrinos
is sufficiently displaced from the primary vertex (cf.
figure 1).
3We note that here we neglect CP violating effects, which
can be introduced by perturbations of the mass matrix of eq. (1)
and could leave imprints in the distribution of the `±α `±β jj and
`+α `
−
β jj final states.
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We remark that the oscillations can only occur if
the mass eigenstates are in a coherent superposition,
which imposes the following conditions [22, 23]: Co-
herence in the production and detection point requires
that the quantum mechanical uncertainty in the mass
squared of the heavy neutrino σ2M is larger than the
mass squared differences ∆(M2) = 2M∆M . The un-
certainty σ2M is proportional to EN ΓW , with EN be-
ing the average energy of the heavy neutrino and ΓW
the width of the parent particle of the heavy neu-
trino, which is the W boson. Coherence during prop-
agation, i.e. preservation of coherence due to wave
packet separation, is fulfilled for the maximum coher-
ence length, which corresponds to the minimum group
velocity difference, xcoh ' [ΓW ∆(vg)]−1. For heavy
neutrino masses, mass splittings, and boosts in the
ranges where displaced vertices from heavy neutrino
decays could be detected at present and future collid-
ers (cf. [9]), the coherence conditions are satisfied.
Potentially observable oscillations: As an ex-
ample, we now consider the LHCb experiment and
heavy neutrinos with M = 7 GeV, |θ|2 = 10−5. These
parameter values are consistent with the present
bounds, cf. e.g. [24–27], and within reach of, e.g., the
HL phase of the LHC [28].
For the case of light neutrino masses from a low
scale minimal linear seesaw mechanism with IO, the
results for the fractions of LNV and LNC events, as
function of the distance x from the primary vertex, are
shown as an idealized plot assuming a fixed Lorentz
factor of γ = 50 (which is typical for these parameters
as discussed in [28]) in the top of figure 2.
In reality the distribution of the Lorentz factor leads
to a smearing out of the oscillation pattern in position
space. Nevertheless, the oscillation pattern as func-
tion of time in the proper frame of the heavy neu-
trinos can be reconstructed by measuring the γ for
each event (and using the reconstructed heavy neu-
trino mass scale M). An example for the estimated
reconstruction in the proper frame is shown in the
bottom of figure 2 for the HL phase of LHCb. This
illustrates that there are promising conditions to ob-
serve the signature of heavy neutrino oscillations at
LHCb or at future colliders. To confirm the feasibil-
ity, a more detailed study of the detector response and
its efficiencies for the relevant detector regions would
be required.
We note that for the case of NO of the light neutrino
masses the oscillation length is shorter (cf. eq. (9)).
This is in principle still resolvable with the LHCb
tracking resolution, however we expect the experimen-
tal uncertainties to make this more difficult than for
LNC
LNV
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Figure 2: Signature of heavy neutrino-antineutrino oscillations
at LHCb with M = 7 GeV, |θ|2 = 10−5, and minimal linear
seesaw with IO for the light neutrino masses.
Top: Idealized picture in the laboratory frame with an assumed
fixed Lorentz factor γ = 50. The orange envelope curve shows
the total number of events at distance x from the primary ver-
tex, for the process pp → ``jj, normalised to the number of
events at x = 0. The orange and blue areas denote the frac-
tions of LNV and LNC events, respectively. The shown range
for the x-axis, up to 50 cm, corresponds to the size of LHCb’s
VErtex LOcator (VELO).
Bottom: Reconstructed example oscillation pattern as a func-
tion of time in the proper frame where the effect of the γ distri-
bution is accounted for. We created a Monte Carlo sample of
620 displaced vertex events between 2 and 50 cm, a region that
is free of backgrounds for µjj final states at LHCb, see ref. [29]
for details. This number corresponds to the number of events
during the HL phase (run 5 with an assumed integrated lumi-
nosity of 380 fb−1) when considering only muon final states.
We took into account a resolution for the displacement mea-
surement of 3 mm, and an error on the measurement of the
Lorentz factor of 10% (for a discussion cf. [30]). We note that
after the first few oscillations the pattern is smeared out due to
the resolution, and the error on γ.
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the IO case.
For the inverse seesaw case with mνi in the range
mνi = 0.1 eV . . . 10
−4 eV (using our estimate from
Eq. (7)) and for the used example parameter point,
the oscillations would not be visible since the oscilla-
tion length is estimated to be much below the tracking
resolution of O(10−4) m [30].
Regarding pp colliders, of course also the FCC-
hh [31] and SppC [32] would be very promising for
testing these signatures with possible much higher γ
factors and higher luminosity. Other colliders where
signatures of heavy neutrino-antineutrino oscillations
could be studied are the electron-proton colliders, e.g.
the LHeC [33] or the FCC-eh [34], since they also
provide unambiguous signal processes for LNV (see
e.g. [9]).
Relevance of LNV for collider searches: Due
to the approximate “lepton number”-like symmetry
it is generally expected that the LNV effects are
strongly suppressed. We now quantify under which
conditions this statement holds when heavy neutrino-
antineutrino oscillations are taken into account, even
when the oscillations cannot be resolved experimen-
tally, using the estimates for the mass splittings from
Eqs. (3), (4) and Eq. (7). For this purpose, we con-
sider the ratio R`` := R``(0,∞) (cf. [12]) which can
be expressed as
R`` =
∆M2
2Γ2 + ∆M2
. (12)
We calculate the heavy neutrino decay rate Γ in our
benchmark model using WHIZARD [35,36]. We show,
as examples, the range 0.1 ≤ R`` ≤ 0.9 for the low
scale minimal linear seesaw scenario (using the for-
mula from Eq. (12) and predictions for ∆M from
Eqs. (3) and (4)) and the inverse seesaw scenario (with
estimates for ∆M from Eq. (7)) in figure 3. From the
figure it can be seen for which parameters M and |θ|2
sizeable LNV due to heavy neutrino-antineutrino os-
cillations can occur.
Conclusions: We have discussed the possibility to
resolve heavy neutrino-antineutrino oscillations at col-
lider experiments, considering low scale seesaw models
with a protective “lepton number”-like symmetry. We
showed that the minimal linear and inverse low scale
seesaw scenarios naturally feature almost degenerate
heavy neutrino masses which can give rise to oscilla-
tion lengths in a (potentially) observable range. Espe-
cially for the minimal linear seesaw model (with two
sterile neutrinos), the oscillation time in the proper
Minimal linear seesaw
Normal ordering
Inverse ordering
20 40 60 80 100
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|θ2
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10-4
10-2
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Figure 3: R`` contours for the low scale minimal linear seesaw
scenario (using the formula from Eq. (12) and predictions for
∆M from Eqs. (3) and (4)) and the inverse seesaw scenario
(with estimates for ∆M from Eq. (7)). For each of the shown
bands, the upper contour corresponds to R`` = 0.1 and the
lower contour corresponds to R`` = 0.9. In the upper plot we
show the case of the minimal linear seesaw with bands for NO
and IO, and the lower plot shows the inverse seesaw case with
the estimates for mνi = 0.1 eV and mνi = 10
−4 eV. Within
the bands and below, sizeable LNV due to heavy neutrino-
antineutrino oscillations can occur.
frame is fixed by the measured light neutrinos’ mass
differences (cf. Eqs. (9) and (10)) and is thus a pre-
diction that is different for the two orderings.
We focused on signatures of the heavy neutrino-
antineutrino oscillations via the processes pp→ ``jj,
which result in an oscillating pattern between LNV
and LNC dilepton events, i.e. an oscillatory distribu-
tion of same-sign and opposite-sign dilepton events.
We have argued that for the example case of the min-
imal linear seesaw model with inverse neutrino mass
ordering, the predicted oscillation length can lead to
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observable oscillation signatures at the HL phase of
the LHCb and/or at future colliders. We note that
also various other processes can be used to probe
heavy neutrino-antineutrino oscillations. Examples
are the trilepton final state at the LHC [37, 38] and
basically all final states that feature an unambiguous
signal for LNV (for a summary see [9]). Our general
result, that heavy neutrino-antineutrino oscillations
can be resolvable at collider experiments, also applies
to more general models with at least one pair of heavy
neutrinos with sufficiently small mass splitting.
When the heavy neutrino-antineutrino oscillations
are fast, such that they are not resolvable experimen-
tally, they can nevertheless give rise to LNV events at
colliders. For heavy neutrino masses below the W bo-
son mass, where the HL-LHC and all planned future
collider experiments are expected to have best sensi-
tivity (cf. [9]), parameter regions where LNV signals
are relevant can be reached. For masses above the W
boson mass, only for the inverse seesaw estimate we
expect that LNV is potentially observable at the cur-
rently planned future colliders, while for the minimal
linear seesaw models it is safe to assume LNC.
In summary, we found that heavy neutrino-
antineutrino oscillations could be resolvable at col-
liders. Observing this novel phenomenon would open
up a fascinating way to probe sterile neutrino proper-
ties and to get insight into the mechanism of neutrino
mass generation.
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